INTRODUCTION
The distribution and population structure of Sargassum species is influenced by water temperature, especially antecedent events in minimum and maximum values (Ang 1986 , Glenn et al. 1990 , tidal levels and water movement (Ang 1986) , substrate type (McCook 1999) , propagule dispersal and recruitment (Hales & Fletcher 1990 , Kendrick & Walker 1991 , and herbivory (Wanders 1976 , McCook 1996 . Most tropical Indo-Pacific species of Sargassum reach peak abundance and reproduce during the cooler months of the year (e.g. Tsuda 1972 , De Wreede 1976 , Trono & Tolentino 1993 . In other tropical areas (e.g. Great Barrier Reef: Vuki & Price 1994 , Rogers 1997 CaribbeanAtlantic: Prince 1980 , De Ruyter van Steveninck & Breeman 1987 , De Guimaraens & Coutinho 1996 , Sargassum species grow and reproduce during periods with higher temperatures. Contrasting seasonal patterns in species occurring in the same region (e.g. Prince 1980) , or even at the same location (e.g. MartinSmith 1993) , have also been reported.
Seasonal cycles of growth and attrition in Sargassum appear to be closely related to cycles of sexual reproduction (e.g. McCourt 1984 , Glenn et al. 1990 ), suggesting a trade-off between reproduction and growth.
Based on the assumption of resource trade-off, De Wreede & Klinger (1988) predicted that (1) an organism must attain a certain size in order to begin reproduction; (2) a reduction or cessation of growth would be likely at the onset of reproduction because of partitioning of resources; and (3) an organism would be more likely to die after producing and releasing reproductive structures or propagules. Such a trade-off could be more important in determining seasonal cycles than direct environmental control. However, among the algae reproduction may be cost-free or cost-reduced because reproductive structures are photosynthetic (McLachlan & Bidwell 1978) and may be self-supporting in terms of carbon budgets (De Wreede & Klinger 1988) .
Many species of Sargassum are 'pseudoperennials' that shed their laterals after reproduction and survive unfavourable conditions with their resilient and perennial holdfast system. Seasonal patterns in growth and reproduction, therefore, take place at the level of the primary laterals (Tsuda 1972 , Fletcher & Fletcher 1975 , De Wreede 1976 , Prince 1980 , Ang 1985 , Trono 1992 , McCook 1996 , rather than at the level of the whole thallus. However, data on the dynamics of primary laterals are still very scarce (e.g. De Ruyter van Steveninck & Breeman 1987) . Such data might help in interpreting the seasonal patterns found in whole thalli.
The southern Red Sea is characterised by extreme seasonality in environmental conditions and biological processes, which are driven by the Indian Ocean monsoon system. In the cold season, shallow reef flats are dominated by large standing crops of macroalgae mainly composed of Sargassum and Turbinaria that decline in biomass during the hot season (Mergner & Svoboda 1977 , Lipkin 1987 , Walker 1987 , Sheppard et al. 1992 , Ateweberhan 2004 . Although the distinctive seasonality in environmental factors and biological phenomena in the Red Sea has been well documented, qualitative and quantitative information on how individual species cope with this seasonality is lacking (Lipkin 1987 , Medio et al. 2000 , Sheppard 2000 .
Sargassum ilicifolium (Turner) C. Agardh, the species under investigation, occupies hard substrata in the lower intertidal and upper subtidal zones. It is widely distributed in the Indian Ocean (Srinivasan 1967 , Silva et al. 1996 and is probably the most abundant and widely distributed Sargassum species on the southern Red Sea coasts of Eritrea (M. Ateweberhan & J. H. Bruggemann pers. obs.) .
This study aims at understanding the seasonal dynamics of Sargassum ilicifolium. By monitoring temporal patterns in density and in thallus and primary lateral parameters, we investigate responses to the extreme seasonal environment and their demographic and life history consequences. Specific questions were the following:
(1) Is there seasonal variation in thallus density and size, and how predictable are the seasonal patterns?
(2) Does the dynamism occur at the level of whole thalli, primary laterals or both? (3) Is there seasonality in primary lateral initiation, growth and survivorship, and do growth and survivorship depend on lateral size, age or reproductive status?
(4) Does reproduction depend on lateral size, age or season, and is there a trade-off between reproduction and the growth/survival of the laterals?
MATERIALS AND METHODS
Study site. This study was conducted at Sheikh Said Island (also called Green Island; 15°35' N, 39°29' E; Fig. 1 ), near the port town of Massawa, Eritrea. On the subtidal reef flats 3 distinct zones are discerned. At 0 to 1 m depth, Sargassum ilicifolium forms a conspicuous belt, marking the transition between the intertidal and the subtidal parts of the reef flat. Adjacent to the coraldominated fore reef, which starts at about 1.5 m depth, the lowest zone of the reef flat is dominated by the canopy-forming alga Turbinaria triquetra. In the cold season, the foliose brown algae Dictyota cervicornis and Stoechospermum polypodioides dominate in the zone between S. ilicifolium and T. triquetra (Ateweberhan 2004) . Near Massawa, the tidal amplitude is small (about 0.7 m). However, mean sea levels are about 10 to 20 cm lower in the hot season than during the rest of the year (Morcos 1970) , and the shallowest parts of the reef flat become occasionally emerged in summer.
Environmental conditions. Seawater temperature was measured daily to the nearest 0.2°C at 2 h intervals. Readings were taken at 2.5 m depth from September 1999 to July 2001 and in the Sargassum ilicifolium zone from March to July 2001, using underwater temperature loggers (Onset Optic Stow-Away, Onset Computer; Guillaume et al. 2000) . Irradiance data were derived from Meteosatellite images (Eritrea Climate, Energy, Environment and Technology site: www. punchdown.org/rvb). Rainfall data were obtained from Fantoli (1966; for 1947 to 1961 and from the Research Unit of the Ministry of Fisheries, Eritrea (Ministry of Fisheries, Eritrea, unpubl. data; to 2000 . In the context of the Indian Ocean monsoon, the period from November to April is referred to in this study as the NE monsoon or the cold season, and the period from May to October as the SW monsoon or the hot season.
Thallus density. In an earlier study (Ateweberhan 2004) , no significant temporal variation in thallus density was detected during bimonthly monitoring of randomly placed quadrats (1998 to 2000) . Therefore, in the present study, thallus densities were monitored more closely by using permanent quadrats. In September 1999, 10 quadrats (0.5 × 0.5 m 2 ) were randomly selected within the Sargassum ilicifolium belt and marked with stainless-steel nails at their corners. Coloured synthetic ropes were attached to the nails for easy retracing, and densities were monitored at monthly intervals from September 1999 to Seasonal dynamics of thalli and primary laterals. The dynamics of Sargassum ilicifolium thalli were studied by monitoring tagged thalli and primary laterals. Thirty thalli were randomly selected along a 50 m transect in September 1999 and tagged by placing numbered labels around the bases of their main axes, and by nailing numbered tags close to their holdfasts. Thalli and laterals were monitored at monthly intervals from September 1999 to August 2000, December 2000 to April 2001 and in July 2001. Lost thalli were replaced at every census. In each thallus, all primary laterals ≥ 2 cm in length were tagged and labelled by tying tie-wraps around their lower parts, each marked with its own serial number. Every month, the length and number of primary laterals of each thallus were determined. The length and the presence of vesicles and receptacles were recorded for each primary lateral. At every census, newly appeared primary laterals were tagged. New laterals could be distinguished from older ones because of their smooth texture. As all laterals were tagged and each lateral was identified by its own serial number, old laterals that had lost their tags could be easily identified because of the missing serial number. Lost tags were replaced immediately. In general, tag loss was low (< 5%), except in January 2000, when many laterals and tags were lost due to heavy grazing by rabbitfishes (Siganidae) (M. A. pers. obs.). Therefore data on lateral growth were omitted for the December-January interval, and lateral persistence was recorded only from January onward. During each census, thirty thalli in roughly the same size range as the tagged thalli were haphazardly selected from the population (referred to as 'selected thalli' hereafter) to check for possible adverse effects of tagging. Thallus length, the number and length of all primary laterals on a thallus, and the presence of receptacles on each primary lateral were recorded.
Data analysis. Temporal variation in thallus density was analysed with repeated-measures ANOVA, using the Greenhouse-Geisser correction to accommodate for violation of the sphericity assumption (Stevens 2002) . Temporal patterns in density variation were further documented by calculating, for each quadrat, the difference between the density in each month and the mean density over all censuses.
Length-frequency distributions of primary laterals in different developmental stages were determined for each month. The following stage classes were distinguished: (1) laterals without vesicles or receptacles; (2) 'vesiculate' laterals bearing vesicles but no receptacles; (3) 'fertile' laterals bearing receptacles (which usually also bore vesicles). Length-frequency distributions for the same month of the 2 yr of monitoring were compared with chi-square tests.
Temporal variation in thallus and primary lateral parameters of tagged thalli was analysed with repeatedmeasures ANOVA as described above. For each thallus, thallus length, the mean number (total and new) and length of primary laterals, the percentage of fertile laterals and the mean and maximum growth rate were determined. Maximum growth rates refer to the fastest-growing lateral per thallus. Growth rates of shoots of large canopy algae have been reported either as absolute growth rates (= elongation rates) (e.g. De Ruyter van Steveninck & Breeman 1987 , Viejo & Åberg 2001 or as relative growth rates (RGR) (e.g. Schaffelke & Klumpp 1997) . Both measures are presented here for comparison with published data. Elongation rate was calculated as the difference in length between 2 con- and expressed as % d -1 of the initial length. As tissue loss may occur between consecutive measurements, these growth rates reflect the apparent, rather than the actual, growth of laterals.
Survivorship of laterals was analysed as percentage survival (log 10 -transformed) of cohorts formed in different months (Begon et al. 1990 ); data were pooled for all thalli. Survivorship curves for September 1999 to January 2000 were not included due to the loss of tags in January 2000 (see above).
Possible relationships between various thallus and primary lateral parameters were investigated. All analyses were carried out for each month separately because relationships between parameters may change with season. Moreover, data on tagged primary laterals are not independent over time. At the level of whole thalli, the following analyses were performed. Effects of lateral density (number of laterals per thallus) on mean lateral length, maximum elongation rate and formation of new laterals were analysed with regression analysis. In the analyses of new lateral formation versus lateral density, the number of new laterals in each month was regressed against the number of laterals present both in that month and in the previous month. The same procedure was used for the analysis on maximum elongation rate versus lateral density. Possible effects of thallus and mean primary lateral length on new lateral formation were also tested with linear regression.
At the level of primary laterals, the following analyses were performed, based on pooled data for all tagged thalli. The effect of age on primary lateral length was examined with 1-way ANOVA. Differences in length related to reproductive-state transitions were also analysed with ANOVA, comparing the lengths of laterals remaining sterile, starting reproduction, continuing reproduction or losing their reproductive status. Similarly, a possible effect of lateral length on the occurrence of tissue loss was examined by comparing the lengths of laterals that showed positive and negative growth over the following month. Possible effects of reproductive status and lateral length on elongation rates were analysed with general linear model ANCOVA. In order to minimise confounding effects of tissue loss (which depended on lateral size), only laterals showing positive growth were considered. The relationships between lateral length and elongation rate were further investigated with regression analysis. A possible effect of lateral length on lateral persistence was examined by comparing the lengths of laterals that did and did not persist into the following month (1-way ANOVA). The analysis was restricted to the period March to July, when loss rates were high. A possible effect of developmental stage (presence of receptacles; presence of vesicles) on lateral persistence was analysed with chi-square tests. The analysis was restricted to the period March to July, when high loss rates coincided with reproduction.
All statistical tests and analyses were performed in accordance with Sokal & Rohlf (1995) , Underwood (1997) , Zar (1996) and Stevens (2002) using SPSS version 11.
RESULTS

Environmental parameters
Mean monthly seawater temperatures on the forereef at 2.5 m depth ranged from 27.7°C in winter (January) to 33.4°C in summer (August) ( Fig. 2A) . Mean daily maxima ranged from 28.4 to 34.1°C, mean daily minima from 26.5 to 32.6°C. Highest temperatures of the month exceeded 34.5°C in summer (June to August), and lowest temperatures of the month were below 25°C in winter (January to March). Daily temperature maxima in the shallow Sargassum ilicifolium zone were well above those recorded on the fore reef, regularly exceeding 36°C in the hot season, and were characterised by high variability (Fig. 2B) . Daily temperature minima in the shallow S. ilicifolium zone were somewhat lower or equal to those recorded on the forereef at 2.5 m depth, which implies that the daily temperature range on the shallow reef flat was much higher than that on the fore reef (Fig. 2B) . Surface irradiance ranged from 2.8 kWh m -2 in January to 6.1 kWh m -2 in September and October (Fig. 2C ). Mean rainfall was 0 mm in June and 35 mm in December (Fig. 2C) . Average monthly values for the wet (November to March) and dry (May to September) seasons were 26.1 and 4.3 mm, respectively. The monthly averages of the 3 environmental parameters were strongly correlated: r = + 0.854 for water temperatureirradiation; r = -0.870 for water temperature-precipitation; r = -0.783 for irradiation-precipitation (Pearson's correlation: p < 0.05).
Thallus density and size
Thallus density showed slight but significant variation over time (repeated-measures ANOVA: p < 0.0001). Mean densities for the 10 quadrats ranged from 41 to 47 thalli (0.25 ind. m -2 ). Values decreased gradually from the beginning of the cold season in October/ November, were lowest in April/May and increased from the beginning of the hot season (June/July; Thallus length varied strongly with season (repeatedmeasures ANOVA: p < 0.0001; Fig. 4A ). Values increased from November onwards, peaked between February and May, declined abruptly in June and were lowest from July to October. The increase in thallus length between November and February was interrupted in January in the tagged thalli, due to heavy grazing by rabbitfishes (Siganidae) (M. Ateweberhan pers. obs.).
Primary lateral length, number and reproduction
Primary lateral length, number and proportion of fertile laterals also showed strong seasonal variation (repeated-measures ANOVAs: p < 0.0001 for all parameters; Fig. 4B-D) . Primary lateral length started to increase in November, was highest from February to May, and was lowest from July to October (Fig. 4B) . The increase in primary lateral number started slightly later than the increase in length (Fig. 4C) . In general, lateral density (number of laterals per thallus) had no significant effect on mean lateral length (regression analyses: p ≥ 0.05 in all months except June 2000 [F 1,29 = 11.87, p = 0.002, negative relationship]).
The proportion of fertile laterals increased sharply between January and March, was high until May and decreased strongly in June. Virtually no fertile laterals ; n = 10), the difference between the density in each month and the mean density over all censuses was calculated. Box-whisker plots show the median (horizontal lines), 25th/75th percentiles (shaded bars) and 10th/90th percentiles (vertical lines) for the 10 quadrats; ND = no data. Overall mean density: 43.5 thalli 0.25 m -2 occurred between July and December (Fig. 4D) None of the laterals formed between January and April, when reproduction coincided with lateral initiation (see Fig. 4D ,E), became fertile within the first month. Reproduction was independent of age in older laterals (1-way ANOVAs: p ≥ 0.05 in all months). Length class-frequency distributions of primary laterals in different developmental stages are shown in Fig. 5 . Laterals without vesicles and receptacles predominated between July and November (black bars). Laterals with vesicles but no receptacles (Fig. 5 , grey bars) were found mainly at the beginning (November to January) and end (June, July) of the growth season. They were represented in virtually all size classes. At the beginning of the growth season, this stage group was mainly composed of newly formed laterals and laterals that had persisted over the hot season. At the end of the growth season they consisted of laterals that had previously born receptacles. Laterals with receptacles (which usually also bore vesicles) predominated between February and May; they were also represented in most size classes (Fig. 5, white bars) . Size distributions of all stage groups showed an overall shift towards larger size classes between October and March, remained stable between March and May, and shifted towards smaller size classes between May and August. Size distributions were similar in the same month of the 2 years (chi-square tests: p ≥ 0.05), except in January, when grazing reduced lateral lengths in the first year (chi-square: p < 0.0001), and in July, when the decrease in size was stronger in the second than in the first year (chi-square: p < 0.0001) (Fig. 5) .
Initiation of primary laterals
The initiation of primary laterals also varied significantly over time (repeated-measures ANOVA: p < 0.0001; Fig. 4E ). New lateral formation had started 
Growth rates of primary laterals
Growth rates of primary laterals were highest during the cold season and lowest at the beginning of the hot season ( Fig. 6A,B ; repeated-measures ANOVAs, p < 0.0001 for both RGR and elongation rate). Mean as well as maximum RGR (Fig. 6A) reached peak values early in the cold season, remained high until the January/February interval, and decreased over the following months. Mean and maximum elongation rates rose more gradually and were highest in the January/ February interval (Fig. 6B ). Maximum growth rates remained significantly above zero until April/May (Fig. 6A,B) . Reduced growth rates coincided with high proportions of laterals that decreased in size (tissue loss; Fig. 6C ). Laterals that decreased in size over the following month were significantly longer than those that increased in size (1-way ANOVAs: p < 0.0001 in all months). Thus, tissue loss depended on lateral length. Elongation rates also decreased with increasing lateral length in laterals showing positive growth (regression analyses: p < 0.05 in all months). Elongation rates were unaffected by reproductive status (ANCOVAs on elongation rate by reproductive status, with length as covariate: p ≥ 0.05 in all months, no interactions). The maximum lateral elongation rate per thallus showed a significant positive correlation with lateral density in several months (regression analyses: November 1999, The growth rates shown in Fig. 6 do not include growth that took place prior to the census in which new laterals were first detected, because the time interval over which growth should be calculated is unknown. However, comparison of lateral lengths between newly formed and older laterals showed no significant effect of age in any month (1-way ANOVAs: p ≥ 0.05 in SNK post-hoc tests). Thus, newly formed laterals had already reached the same length as the older ones before they were 1 mo old. This implies that laterals go through an early phase of very rapid elongation, especially during months when mean lateral lengths are highest (February to April). During these months, mean elongation rates of the newly formed laterals must have been at least ca 40-45 cm mo -1 (Fig. 4B) , as compared with a maximum elongation rate (thallus -1 ) of only ca. 20 to 30 cm mo -1 in the older laterals (Fig. 6B) .
Survivorship of primary laterals
Survivorship of primary laterals showed distinctive seasonal patterns (Fig. 7) . It was highest from August to December and lowest from March to July/August. Of all laterals that were formed in the first cold season, on average about 40% remained at the onset of the second cold season in December 2000. On average, only about 10% of these laterals remained at the onset of the second hot season in July 2001. Of the new laterals that were formed in the second cold season, approximately 60% remained in July 2001. During the period March to June, when loss rates were high (Fig. 7) , no significant effect of lateral length on lateral persistence was detected (1-way ANOVAs, p ≥ 0.05 in all months). Only in July 2000 were persisting laterals significantly longer than those that were lost (1-way ANOVA: F 1,195 = 7.419, p = 0.007). The presence of receptacles and/or vesicles had no significant effect on lateral persistence either (chi-square tests: p ≥ 0.05 in all months between March and July for both stage groups). 
DISCUSSION
The phenology of Sargassum ilicifolium shows a predictable seasonal pattern that appears to be closely coupled to seasonal changes in environmental conditions. A summary schedule of the seasonal patterns of growth, thallus length, reproduction, and formation and loss of primary laterals is presented in Fig. 8 . The distinct phases in the phenology suggest direct environmental and/or endogenous control of primary lateral initiation, growth, reproduction and shedding. In addition, morphogenetic responses during the development of individual laterals contribute to the overall phenological pattern.
Seasonal patterns in growth rates
Highest growth rates of Sargassum ilicifolium occur during the cold season at mean temperatures of ca. 28 to 30°C. In the hot season, when maximum temperatures are ca. 33 to 36°C, growth rates are below zero. In regions where maximum temperatures are lower, S. ilicifolium maintains relatively high biomass all through the year (e.g. The Philippines; mean annual temperature range 29.1 to 32.7°C; Hurtado & Ragaza 1999) . At other southern Red Sea localities, where reef flats are typically situated deeper (1.5 to 2 m), a high biomass of S. ilicifolium was also observed during both the cold and hot seasons (M. Ateweberhan & J. H. Bruggemann pers. obs.). The higher water-exchange rate seems to prevent excessive heating over these reef flats during the day. De Wreede (1976) and Martin-Smith (1993) suggested that high seawater temperatures are not detrimental to the growth of adult Sargassum thalli. However, maximum temperatures at their study sites (28 and 32°C, respectively) were considerably lower than on the shallow reefs of the southern Red Sea. Extremely high temperatures led to reduced photosynthesis and increased respiration rates in S. polyceratium from Florida (Kilar et al. 1989) .
Species-specific differences in growth rates are to be expected among Sargassum species. Mean elongation rates of primary laterals of S. ilicifolium (up to ca. 17 cm mo -1 ) were considerably higher than those reported for S. polyceratium from the Caribbean (up to ca. 7 cm mo ; Schaffelke & Klumpp 1997). However, on the GBR highest growth rates occur in summer rather than in winter (annual temperature range 22.6 to 30°C).
Low nutrient levels could enhance adverse effects of high temperatures (Zimmerman & Kremer 1986 , Hernandez-Carmona et al. 2001 ). However, relatively high surface chlorophyll concentrations occur in this region throughout the year (Baars 1994 , Van Couwelaar 1997 , and southern Red Sea reefs are considered as high nutrient environments (Medio et al. 2000) . Therefore, nutrient limitation is probably not the main cause of the observed seasonal variation in Sargassum ilicifolium.
Seasonal dynamics of primary laterals
The timing of new lateral initiation in Sargassum ilicifolium appears to be a key process in the seasonal cycle. It starts early in the cold season and ends well before the end of the cold season. A restricted period of module formation in highly seasonal environments ensures that modules have sufficient time to grow and reproduce before the onset of the adverse season (Mailette 1992) . Such a strategy seems to indicate that S. ilicifolium is a 'season anticipator'. Although 'season anticipators' are well known from temperate regions (Lüning & tom Dieck 1989) this is the first time a 'season anticipator' strategy has been suggested for a tropical macroalga.
The cessation of new lateral formation occurs during the period of peak reproduction. The metabolic costs of producing receptacles and new laterals at the same time may be too high. Alternatively, new lateral forma- (Hwang & Dring 2002 ) was found to be controlled by photoperiod and to occur in short days only. At our study site (15°35' N), day length varies between about 11 and 13 h in the course of the year. A photoperiodic short day response with a sharply defined critical day length of about 12 h, such as found in tropical higher plants (e.g. rice; Thomas & Vince-Prue 1997) , could explain why new laterals in S. ilicifolium are formed only from October to April.
The causes of the distinctive seasonal pattern in lateral survivorship are unclear. Loss rates start to increase in spring, during the period when high growth rates indicate favourable conditions. Unexpectedly, loss rates are lowest under the adverse conditions of summer. Conceivably, large lateral sizes could induce higher loss rates. However, we found no significant adverse effect of size on lateral persistence. In many species of Sargassum, reproduction is followed by a period of high lateral loss (e.g. De Wreede 1976 , McCourt 1984 , Martin-Smith 1993 . However, our data do not support the idea that primary lateral loss is a direct consequence of reproduction. Reproductive status had no significant effect on lateral persistence, and some laterals persisted for up to 6 mo while continuing to reproduce. Therefore, the shedding of laterals, like their initiation, may be under direct environmental or endogenous control (Lüning & tom Dieck 1989) .
Effects of lateral density
Primary lateral density affected the performance of individual laterals in Sargassum ilicifolium. High lateral densities had a positive effect on maximum elongation rates. Faster module elongation at high density has also been found in S. subrepandum, Turbinaria triquetra (Ateweberhan 2004) and other large fucoids (Lazo & Chapman 1998 , Arenas et al. 2002 . Low light levels could trigger fast elongation through photomorphogenetic responses, similar to the 'shade avoidance' responses in higher plants (Smith 1982) . This would explain the very fast elongation during the earliest phase of a lateral's life span. Newly formed laterals under the cover of the dense canopy of older laterals would experience very low light levels. Their fast elongation to the top of the canopy would allow them to escape from light limitation soon after being formed. Newly formed modules of S. subrepandum and T. triquetra also went through an early phase of rapid elongation (Ateweberhan 2004) . Thus, studies on growth rates of large canopy algae should consider effects of module age and canopy height as important determinants of growth.
High lateral densities suppressed lateral initiation in Sargassum ilicifolium, as has been reported for other fucoid algae (Lazo & Chapman 1998 , Viejo & Åberg 2001 , Ateweberhan 2004 . Module initiation may be density regulated, as a mechanism to avoid overcrowding and competition among modules. However, thallus length had no effect on module initiation in S. ilicifolium (this paper), S. subrepandum (Ateweberhan 2004) and Ascophyllum nodosum (Lazo & Chapman 1998) , and light limitation is unlikely to be the proximate determinant of density effects. We suggest that meristem suppression by neighbouring primary laterals may be responsible for the density dependence of lateral initiation.
Seasonal patterns of reproduction
Reproduction of Sargassum ilicifolium starts in January, when water temperatures are lowest. Season appears to be the main controlling factor. The onset of reproduction is preceded by a period of rapid growth, as has been reported for other Sargassum species (e.g. De Wreede 1976 , Prince & O'Neal 1979 , McCourt 1984 , Martin-Smith 1993 . The overlap in timing between reproduction and maximum canopy development is considered to be advantageous in maximising allocation of resources to reproductive structures (De Wreede & Klinger 1988) . However, this does not imply that reproduction as such is size-dependent. We found no significant difference in length between laterals remaining sterile, becoming fertile or continuing to reproduce. Similar size-independent reproduction was also found in S. subrepandum and Turbinaria triquetra (Ateweberhan 2004) . However, fast growth and reproduction are at least partly separated in time within the life span of an individual lateral of S. ilicifolium. Primary laterals first go through a phase of rapid elongation before starting to reproduce when 1 to 2 mo old.
Possible trade-off between growth and reproduction
Traditional views of reproductive allocation postulate a trade-off between growth and reproduction. The existence of such a trade-off has been reported for Sargassum and other fucoid algae (e.g. McCourt 1985 , Ang 1992 , Åberg 1996 , Gillespie & Critchley 2001 ). Although we did not measure reproductive allocation as such (see e.g. Gillespie & Critchley 2001) , our data do not support the existence of a direct trade-off between reproduction and growth in S. ilicifolium. We found no significant difference in the growth rate of fertile and sterile laterals. Moreover, many fertile, individually tagged laterals that were followed over many months continued to grow. In S. polyceratium from the Caribbean, reproduction begins immediately after the initiation of growth (Kilar et al. 1989 ) and coincides with peak growth (De Ruyter van Steveninck & Breeman 1987) . Thus, a continuation of growth after the onset of reproduction could be common in large canopy algae. We suggest that ontogenetic and morphogenetic responses during the development of an individual lateral may be more important than energetic constraints.
Life history
Sargassum ilicifolium, like many other Sargassum species, is a 'pseudoperennial'. Plants have the capacity to produce modules repeatedly in consecutive seasons and the advantages of modular construction are expressed not only in a single growth season but are also carried over to subsequent generations of modules. Survival of the holdfast is crucial to longevity and maintenance of the population as it secures suitable substratum already occupied (Fletcher & Fletcher 1975 , De Wreede 1976 , Ang 1985 , Trono 1992 , McCook 1996 . Vegetative regeneration appears to predominate over new recruitment in S. ilicifolium. Seasonal variation in thallus density was minor, and the average loss rate of established thalli was only ca. 10% yr -1 (7 tagged thalli over 22 mo). New recruitment of S. ilicifolium might be space-limited, as has been reported for other Sargassum species (Deysher & Norton 1982 , Andrew & Viejo 1998 , Stiger & Payri 1999 .
In the present study we found that all tagged thalli showed a strong increase in length during the cold season. In an earlier study (Ateweberhan 2004) , in which the size of all thalli in randomly chosen quadrats was measured, we found many small thalli throughout the cold season. The discrepancy between the 2 studies is probably due to the limited number of tagged thalli (n = 30) that were monitored. The small thalli could be suppressed in their development in this highdensity population (ca. 175 ind. m -2 ).
The extreme environment of the southern Red Sea
The extreme seasonal environment in the southern Red Sea permits large macroalgae to dominate on shallow reef flats during the cold season, but their size is strongly reduced during the hot season (Ateweberhan 2004, this paper). The seasonal disintegration of algal tissue obviously releases carbon and nutrients to the adjacent coral-dominated areas. Like temperate kelp beds, where ca 90% of the macroalgal biomass is recycled through the detrital food chain, coral reefs adjacent to areas with high cover of large Phaeophyta may also be regarded as detritus-driven ecosystems (Marsh 1976 , Crossland et al. 1984 , Hatcher 1984 , Schaffelke & Klumpp 1997 . This indicates the crucial importance of high levels of herbivory for the maintenance of healthy coral reefs in the southern Red Sea.
Adverse effects of high temperatures on large macroalgae, e.g. on Macrocystis populations in the eastern Pacific during El Niño events, are well known (Lüning 1990 ). The strong die back of canopy algae and the frequent occurrence of coral bleaching in summer (M. Ateweberhan & J. H. Bruggemann pers. obs.) indicate that species live close to their upper thermal tolerance limits in the southern Red Sea. In fact, summer temperatures at our study site exceed the upper tolerance limits reported for many tropical macroalgae (Pakker et al. 1994 ). Thus, a rise in seawater temperature due to global warming may be expected to have major consequences for reef communities in these extreme tropical environments.
CONCLUSION
Thallus density of Sargassum ilicifolium was relatively constant over time, but thallus size showed strong seasonal variation with a predictable pattern. Whole thalli were very persistent, but primary laterals had high turnover. Lateral initiation was restricted to the winter half-year. High lateral densities inhibited the formation of new laterals. Newly formed laterals grew out to the top of the existing canopy before they were 1 mo old. Moreover, high lateral densities promoted faster elongation, suggesting 'shade-avoidance responses'. Survivorship was highest in summer, when laterals survived at a reduced size. Reproduction depended on season rather than on lateral size, but laterals had to be at least 1 to 2 mo old before reproducing. Thus, fast growth and reproduction are partly separated in time within the life span of a lateral. There was no evidence for a direct trade-off between reproduction and growth, nor did reproduction lead to senescence of laterals. Extreme high temperatures on the shallow reef flat in summer, exceeding threshold values for lateral growth, are probably responsible for the observed seasonal variation. In addition, ontogenetic processes during the development of individual laterals determine the dynamic seasonal changes. LITERATURE CITED
